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Vorhofflimmern (VHF) ist eine progressive Krankheit, die sich morphologisch als fibrotische 
Remodellierung des Vorhofs manifestiert und klinisch durch einen Wechsel von paroxysmalem zu 
persistierendem VHF, eine Vergrößerung des links-atrialen Diameters und die intra-prozedurale 
Detektion von atrialen Bereichen mit niedrigen Potentialen gekennzeichnet ist. VHF-Progression ist 
mit schlechteren Therapieergebnissen, z.B. einer höheren VHF-Rezidivrate assoziiert. Zugrunde 
liegende Pathomechanismen sind unvollständig charakterisiert, geeignete Biomarker zur 
individuellen therapeutischen Stratifizierung sind nicht bekannt. 
Die Mehrzahl häufiger genetischer Varianten, die mit der VHF-Progression assoziiert sind, hat nur 
sehr kleine Effekte. Viele  Varianten könnten hingegen additiv die Progression von VHF modulieren. 
Dieser Hypothese folgend wurden mit VHF-Progression assoziierte Varianten identifiziert und deren 
nicht-zufällige Häufung in Gen-Loci als Indiz für eine kontextuelle Relevanz des jeweiligen Gens 
gewertet. Die identifizierten Gene wurden der Kalzium-Signaltransduktion und der extrazelluläre 
Matrix (ECM)-Rezeptor-Interaktion zugeordnet. Zusätzlich wurden die zentralen Regulatoren dieser 
Signalwege, namentlich EGFR, RYR2, PRKCA, FN1 und LAMA1 identifiziert, die als pharmakologische 
Ziele in Frage kommen bzw. hinsichtlich ihrer Rolle bei der VHF-Progression untersucht werden 
müssen. Mit einer vergleichbaren Herangehensweise wurde gezeigt, dass die mit der Manifestation 
von VHF assoziierten Gene ZFHX3, ITGA9 und SOX5 auch mit der VHF-Progression assoziiert sind. 
Eine Analyse potentieller Biomarker identifizierte NT-pro ANP als spezifischen Marker mit direkter 
Korrelation zum Progressionsgrad des VHF. Zusätzlich wurde für die Marker NT-proANP, NT-proBNP 
und VCAM1 ein stufenweise signifikanter Anstieg korrelierend mit einem klinischen Wert zur 
Prognose von VHF-Rezidiven gezeigt.  
Durch die Anwendung unkonventioneller Konzepte und der Verwendung spezifischer Charakteristika 
der VHF-Progression konnten in der vorliegenden Arbeit potentielle Regulatoren und Biomarker der 
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1. Introduction  
 
1.1. Atrial fibrillation incidence and  associated risk  
In 1924 Garrey summarized “Atrial fibrillation (AF) is now recognized as the commonest of all cardiac 
irregularities,”.1 This assessment is still true today as AF is thought to occur in approximately 2% of 
the general population.2 
It is estimated that 25% of all people in the European Union will develop AF in their lifetime and that 
by 2030 there will be more than 14 million AF patients.2 Taking into account the intermittent nature 
of paroxysmal AF it is very likely that many patients are not diagnosed and that AF incidence may be 
even higher.3 In accordance with the demographic changes AF prevalence significantly increased 
between 1990 and 2010 across both sexes and this trend will continue.4 
Common medical conditions like hypertension, obesity, diabetes mellitus and primary heart diseases 
(e.g. heart failure, coronary artery disease, valvular heart disease) are risk factors for atrial fibrillation 
and as it is expected that the incidence of those conditions will increases in aging populations the 
associated AF incidence will increase as well.2 Next to these risk factors age and gender are the most 
important, though unchangeable, predictors of AF onset, progression and severity. AF is a disease of 
the elderly which is certainly explained at least in part by the co-morbidities that accumulate 
throughout lifetime and normal cellular aging.  
Male sex associates with a 40% higher risk for AF and earlier manifestation.4 Accordingly, women are 
typically older when diagnosed for AF with a high incidence among > 75 year olds. Importantly, 
women are more symptomatic at first AF presentation than men3 and the risk for complications and 
especially stroke is significantly higher and therapeutic outcome is worse.2  
While many people are diagnosed for AF without having experienced any symptoms yet, other AF 
patients presenting in clinic or with their physician describe the following symptoms: heart 
palpitations, shortness of breath, lightheadedness, syncope, general feeling of fatigue or chest pain. 
The decrease in life quality can be remarkable and can individually result in anxiety and depression.5  
AF diagnosis is primary based on electrocardiogram (ECG) analysis and is characterized by 
disorganized atrial activation resulting in lack of a P-wave and irregular QRS complexes.  
Subsequent therapy following first AF diagnosis is indicated with regards to the AF associated risk. 




towards one of the most important risks associated with the disease.5 The increased risk for 
thromboembolic events is attributable to alterations in blood flow combined with anatomical and 
structural defects resulting in the fulfilment of Virchow's triad for thrombogenesis and a 
hypercoagulable state in AF patients.6 AF increases the risk for stroke by 5-fold and almost every third 
patient with stroke is diagnosed for AF7 resulting in increased hospitalization rate.2  Furthermore AF 
increases the risk for heart failure, white matter lesions in the brain and cognitive impairment. In 
general AF is independently associated with mortality whereas risk is two-fold increase in women and 
a 1.5-fold in men.8 
 
1.2. Atrial fibrillation therapy and recurrence 
Therapy of atrial fibrillation aims to terminate AF and to decrease the associated risk. Patients can 
actively improve their health status by reducing overweight, reducing physical and psychic stressors 
or reducing alcohol intake and therewith contribute to successful AF therapy. AF triggers like 
hypertonus are targeted by blood pressure controlling medication e.g. by inhibition of the renin–
angiotensin–aldosterone system. Causative primary heart disease eventually needs surgical 
intervention. AF related strokes are largely preventable, because of effective oral anticoagulants that 
reduced strokes or systemic thromboembolism in AF patients by >60% and all-cause mortality by 
>25%.7 
The arrhythmia itself is targeted by different approaches. A variety of anti-arrhythmic 
pharmaceuticals that control heart rate and rhythm e.g. beta-blockers are available for short- and 
long-term therapy.9 Interestingly, with regards to the discussed sex-difference, there is also a sex-
related response to rhythm control and women are more prone to increased morbidity and 
mortality.3 
Anti-arrhythmics are also used for acute intervention in form of cardioversion aimed to restore sinus 
rhythm and to terminate AF. This is also possible by synchronized electrical cardioversion.  
Growing importance is attributed to another AF therapy - catheter ablation procedure. In 1998 
Haissaguerre et al. identified ectopic foci in the pulmonary veins to be triggers of frequent paroxysm 
AF.10 Soon after, catheter based minimal-invasive radio-frequency ablation was used to isolate these 




quickly evolved as new therapeutic tool. Meanwhile, pulmonary vein isolation procedure emerged as 
the most important target for catheter ablation.2 
Despite of the variety of therapeutic options an ever growing knowledge about AF and AF therapy 
and the consequent development of new procedural strategies AF recurrence remains a problem. AF 
recurrence should be monitored carefully and AF patients shall undergo regular follow-up to ensure 
optimal therapy and to detect possible recurrence of the disease. Indeed recurrence rates range 
between 30-70% depending on the initial AF diagnosis (e.g. more likely in longstanding AF) and the 
time point since the ablation took place.11,12  
It has been recognized that AF recurrence following catheter ablation is less successful in patients 
with persistent AF compared to paroxysmal AF 11,12 and also in patients with progressed atrial 
remodeling as characterized by electro-anatomical anomalies13 or left atrial dilatation.14,15    
 
1.3. Atrial fibrillation progression phenotypes 
As discussed before the probability of AF recurrence is closely associated with distinct AF features 
that are generally regarded to be progression phenotypes.14 
 
1.3.1.  Atrial fibrillation type  
AF is defined as paroxysmal (converts to normal sinus rhythm within 7 days without intervention) or 
persistent (does not spontaneously convert within 7 days).2 When first diagnosed for AF in the clinic 
the proportion of paroxysmal AF is > 50%.16 Indeed this percentage may be even higher with regards 
to the fact that in an ambulant setting the often used short term-ECG will only by chance detect a 
paroxysmal episode.3 It is assumed that short, infrequent paroxysmal AF over the time will switch to 
longer and more frequent attacks resulting in the manifestation of sustained forms of AF. Only few 
AF patients (2-3%) will remain paroxysmal over decades.17 In a Canadian study it was found that 
>35% of patients with paroxysmal AF developed persistent AF during ten years of observation.18 
Summarizing, distinction of AF type as progression phenotype to stratify AF patients is a strong 







1.3.2. Left atrial diameter 
Left atrial diameter (LAD) is a standardized measure in echocardiographic anamnesis of AF patients. It 
is measured in parasternal long axis view at the end-systole from leading edge of the posterior aortic 
wall to the leading edge of the posterior left atrial wall. By definition normal LAD measures 28-40mm, 
mildly dilated LAD 41-46mm, moderately dilated LAD 47-52mm and severely dilated LAD ≥ 52mm.20 
Left atrial dilatation is the product of long-term increased filling pressure and is often observed in 
long-standing AF, dilated atria with diameter > 50mm significantly increase the risk for AF recurrence 
following catheter ablation.14,21 Although left atrial area and volume are discussed to represent more 
specific measures of left atrial dilatation20 LAD still is a highly reproducible standard parameter. 
Increased atrial diameter is a consequence of AF progression but it also represents an AF-prone 
substrate for reentrant circuits which are known to form more readily with larger atrial size.3 
 
1.3.3. Low voltage areas  
As described before, standard catheter ablation procedure aims to isolate the four pulmonary vein 
junctions in the left atrium as the source of excitation pulses is thought to be located in this area. In 
addition, there is a desire to identify and eliminate other sources of interference within the atrial 
myocardium.22 For this purpose, an electroanatomical map of the atrium can be created peri-
interventionell. The myocardial conduction, derived by a detection catheter, is determined and the 
level of stimulus propagation at various points is used to identify low voltage areas (LVA) and to 
create an electroanatomical map. Myocardial potentials with amplitude of more than 0.5 mV are 
defined as 'healthy'. Areas with myocardial potentials between 0.5 to 0.2 mV are regarded diseased 
and areas with potentials below 0.2 mV are likely scar tissue.13,23 LVA evidence is associated with 
worse therapy outcome whereas an adaption of ablation strategy in case of LVA detection is 
recommended.13,23 
 
1.3.4. PR interval 
PR interval is an ECG measure from the onset of atrial depolarization (P wave) until the onset of 
ventricular depolarization (QRS complex) and ranges between 120 and 200ms in duration. The 
prolongation of the PR interval >200 ms, termed first-degree atrioventricular block, is frequently 




cardio-vascular diseases like hypertension, heart failure25 and AF26,27 The conduction delay reflected 
by PR interval prolongation may be caused in the atrium, the atrioventricular node, and/or the His-
Purkinje system. As structural alterations (LAD increase, LVA) in the left atrium are thought to result 
in disturbed inhomogeneous recovery and slow conduction, PR interval prolongation may be a logical 
consequence. Indeed, AF onset is associated with PR interval as shown in the Framingham cohort.26 
Furthermore, PR-interval was also found to predict outcome following cardioversion.28 
 
1.4. Pathomechanisms of atrial fibrillation progression 
The phenomenon “AF begets AF” was recognized decades ago and describes the fact that repeated 
AF episodes increase the risk of AF progression or AF recurrence. An imbalance in the active 
adaptation of the myocardium to the increased electrophysiological and mechanical stress related to 
AF is contributing. Already very early electrical remodeling takes place, which includes expression 
alterations and modulation of L-type Ca2+ current, K+ currents and gap junction function on the 
cardiomyocytes. At this point, AF termination is associated with high success rate. In second stage 
structural remodeling of the atria takes place leading to changes in tissues anatomy and morphology. 
In last stage autonomic remodeling takes place including altered sympathovagal activity and 
hyperinnervation.3 Later stages of atrial remodeling are associated with worse therapy outcome as 
earlier discussed. 
 
1.4.1. Electrical remodeling  
Electrical remodeling is an early AF associated process in atrial cardiomyocytes. Animal models were 
used to study these early alterations by inducing AF through rapid pacing. Various ionic currents are 
changed in response to rapid pacing including L-type Ca2+ currents and inward rectifier K+ currents.3 
Atrial calcium handling is a delicate process and imbalance is not only associated with onset but also 
progression of AF through contribution to delayed afterdepolarizations and finally formation of 
ectopic foci and AF initiation. A central role in calcium release from the intracellular sarcoplasmic 
reticulum is attributable to ryanodine receptors (RyR). Consequently dysregulation as well as 
mutations in RyR lead to pathological activation and increased Ca2+ sensitivity and cause or 
accompany AF. Increased K+ currents are also typical for electrical remodeling leading to altered 




by gap junctions that permit rapid and coordinated spread of cardiac excitation.30 Therefore, proper 
gap junction function is directly related to conduction velocity. Mutations in connexin genes e.g.  
GJA5 coding for connexin 40, result in slower conduction velocity leading to increased reentry.3   
Electrical remodeling results in changes in contractile function31 characterized by reduction in 
maximum tension and rates of myofilament tension activation and relaxation. Altered calcium 
sensitivity is one reason for this. Furthermore, persistent AF results in fatigue of the fibrillating 
myocardium leading to metabolic imbalance and increased oxidative stress both regarded important 
triggers of structural remodeling.32 The inhomogeneous blood flow in the atria during fibrillation 
episodes is leading to altered signaling in the endothelial layer affecting the cardiomyocytes as well 
as immune cells, resulting in pathological processes e.g. inflammatory invasion.33 
 
1.4.2. Structural remodeling and fibrosis  
Patients presenting in clinic often already suffered from several AF episodes before. Each episode 
resulted in increased atrial cell stretch, disturbed atrial blood-flow and oxidative stress.3 Therefore, it 
can be assumed, that even if structural alterations are not yet detectable, the atrial homeostasis got 
affected leading to initiation of early processes of structural remodeling.  
As discussed earlier LVA are frequently observed in AF patients and are thought to represent 
progressed atrial fibrotic remodeling resulting in a loss of myocardial conduction capacity.22 The 
presence of LVA has been histologically characterized and associates with cellular hypertrophy, 
myocytolysis, mitochondrial swelling, inflammatory responses, increased production of extracellular 
matrix constituents and infiltration of the tissue with non-resident cell populations.34 All these 
features are characteristics of fibrosis, which is a maladaptive wound healing process, and 
presumably structural remodeling to a large extent is of fibrotic nature. Fibrosis primary is 
characterized by excessive production of extracellular matrix (ECM) proteins such as collagen and 
fibronectin as well as alterations in ECM modulating enzymes e.g. matrix metalloproteases and their 
inhibitors. Myofibroblasts, the cellular effectors of fibrosis, are highly proliferative and migrate within 
the tissue. They secrete numerous cytokines, most prominently the pro-fibrotic TGFβ supporting the 
activation and differentiation of further fibroblasts and also the inflammatory infiltration. The 




stress of fibrillating atria. Among other things, this all contributes to self-preservation of the fibrotic 
process. 
The original tissue structure is increasingly functionally and morphologically impaired by fibrosis. The 
distance between cardiomyocytes in fibrotic atria is increased compared to healthy atria and the 
increased number of non-conductive fibroblasts and ECM result in reduced electrical coupling of 
cardiomyocytes.3 Altered cardiac conduction, favors reentry of excitation wave fronts, modulates the 
formation of cardiac early afterdepolarizations and therewith favors atrial fibrillation.35 The extent of 
fibrosis in AF patients shows a high variability. It is significantly more common in persistent AF and 
associates with worse outcome. It needs to be mentioned that there are also patients with 
paroxysmal AF who show massive fibrosis while some patients with persistent AF show no or only 
mild fibrosis.36  
 
1.4.3. Autonomic remodeling 
The last proposed and controversially discussed stage in atrial fibrillation progression is autonomic 
remodeling characterized by altered sympathovagal activity. It is well known that the heart is 
innervated intrinsic and extrinsic by the autonomic nervous system. Stimulation and ablation 
experiments in several animal models demonstrated that AF can be influenced.3 Nevertheless, in 
clinical therapeutic approaches the modification of autonomic remodeling e.g. by renal denervation 
is still in its infancy.37 
 
1.5. Genetic background of atrial fibrillation 
As initially stated, AF is a multifactorial disease massively influenced by demographic and lifestyle 
factors. In addition, AF has a strong genetic background. On the one hand there are single causal 
mutations with variable penetrance. On the other hand, there are many rare and common variants 
that modulate disease onset and progression but are neither necessary nor sufficient to cause 
disease. The distinction of rare and common genetic variants is a quite artificial and simplifying 
definition. In case of AF, as well as for most common diseases, it seems very likely that many 
common genetic variants account for a predisposing background and that environmental factors as 





1.5.1. Heritable atrial fibrillation and the impact of rare variants  
AF of heritable character was first described in three brothers with AF in 1936 but with regard to the 
technological progress genetic evidence of familial AF was not found until 1997.3 The first mutation in 
a gene associated with familial AF was identified in 2003 by Chen et al.39 who described a mutation in 
KCNQ1 resulting in gain of function of the slowly repolarizing potassium current channel. Since these 
initial discoveries, multiple genes associated with development of AF have been identified. Several 
linkages studies identified genomic loci associated with AF including 11p15.5, 21q22, 17q, 7q35–36, 
5p13, 6q14–16, and 10q22. Some of these loci encode for subunits of ion channels but there are also 
yet uncharacterized loci.40 Hypothesis driven mutation screenings of potassium channels identified 
variants in KCNQ1, KCNA5, KCND3, and KCNJ2 and also channel accessory proteins e.g. KCNE1-3 and 
KCNE5.3,40 It is assumed that these mutations mostly increase the channel activity thereby decreasing 
action potential duration and atrial refractoriness.3 Not surprisingly, several mutations in sodium 
channels, especially in SCN5A coding for the target channel of class I antiarrhythmic drugs, and also in 
SCN1B, SCN2B and SCN3B were also identified.41 
Rare variants were also found in NPPA encoding atrial natriuretic peptide, GATA4 and GATA6 
encoding cardiac transcription factors, LMNA gene encoding the intermediate filament protein lamin 
A/C, GREM2 encoding the bone morphogenetic protein antagonist gremlin-241 and many more genes 
which can be assigned to a wide variety of functions e.g. inflammatory regulators and targets, 
members of the renin-angiotensin system, structure proteins and junctions proteins.40 
 
1.5.2. Genetic predisposition and the impact of common variants 
About 90% of human DNA variability is attributable to single nucleotide polymorphisms (SNP) which 
represent single nucleotide positions for which different sequence alternatives (alleles) exist. Per 
definition a genetic variant is termed SNP when it has an abundance of ≥ 1% in individuals of a 
defined population.  On average there is one SNP in 1000 base pairs whereas the SNP density is not 
equal and varies by up to 100-fold throughout the genome. Driven by evolutionary selection the 
nucleotide diversity is four-fold lower in coding exons and 50% of those SNPs result in synonymous 
codon changes.42 Genetic variants that are located in close proximity in a genomic locus are very 
likely inherited together and therefore the presence of one variant predicts the other, a concept 




markers to propose the alleles of variants in linkage without the need to determine all SNPs 
(supposed 40Millions) in the human genome.42 
Genome wide association studies (GWAS) utilize manufactured arrays comprising defined probes for 
hundred thousand to millions of SNPs and allow for genotype-phenotype association studies focusing 
on a specific trait. Several GWAS were done to analyze the genetic background of AF in different 
populations. A meta-analysis of 36 GWAS by Olesen et al. analyzed potential associations between > 
2.5 million SNPs and heart rate in data from > 85-thousand Europeans.43 While 21 loci associated 
with heart rate, five (SLC35F1, LINC00477, NKX2-5, GJA1, HCN4) were also associated with atrial 
fibrillation. A GWAS specifically focusing on AF identified rs2200733 located in proximity of the genes 
PITX2 and ENPEP on chromosome 4q25, rs2106261 in transcription factor ZFHX3, rs13376333 in 
KCNN3, rs3807989 in CAV1, rs3903239 46-kb upstream from PRRX1, rs1152591 in SYNE2, rs10821415 
located in an open reading frame, rs7164883 in HCN4, and rs10824026 5-kb upstream of SYNPO2L.43 
Involvement of these genes in the cardiac biology is feasible as ZFHX3, PRRX1 are transcription 
factors involved in heart embryogenesis, KCNN3, HCN4 and CAV1 are involved in electric signal 
transduction, SYNPO2L and SYNE2 are components of the cytoskeleton.41 The SNP near PITX2 was 
replicated in different studies.44–46 PITX2 was examined in different animal models as well as human 
specimen.41 It was found that PITX2 shows different expression patterns in left and right atria and the 
ventricles and also during embryology indicating a critical role in the development of the left 
atrium.47 Interestingly, it was shown that PITX2 is involved in the development cardiomyocytes 
located proximal to the pulmonary veins, whereas it is a widely accepted concept that this anatomic 
region harbors AF foci and therefore it is targeted in ablation strategies.48  
 
1.5.3. New concepts for GWAS analysis of genetic background  
None of the variants that were discussed in the last paragraph are located in coding regions impeding 
to interpret the mode of action. It was supposed that these variants may alter promoter function or 
enhancer sequences of nearby genes and accordingly, as described for PITX2, a lot of research has 
been investigated in the clarification.41 These research projects are complicated by the fact that the 
variants identified in GWAS are not necessarily the disease causative variants with regard to the LD 
phenomenon. Other variants in high linkage that might not even be represented by the array must 




be applied to exclude the expectable thousands of false positive results. In case of an array 
comprising 1 million SNPs the genome wide association p-value threshold is 5*10-8. When applying 
this threshold false positives are likely excluded but at the same time false negatives are taken into 
account. As stated before it is very reasonable to assume that the individual genetic background is 
modulated by many common genetic variants with each contributing a very small effect (resulting in 
p-values far beyond the genome-wide significance). Nevertheless, many of these variants in 
combination might importantly contribute. Right now, nobody knows about the complexity of this 
genetic background which indeed could be enormous. There may be oligogenic or polygenic 
interactions involving dozens or hundreds of genes. Furthermore protein function could be affected 
by several variants in the coding gene whereas SNPs with predisposing as well as protective effect 
could coexist. Summarizing, these assumptions regarding polygenic background are in good 
accordance with the concept of AF as a multifactorial disease and it is very likely that many different 
genes contribute in an additive, synergistic, or epistatic way to the development and progression of 
individual AF.38,42 
Next to the p-value threshold for genome-wide significance it is often discussed whether small allele 
frequency can be used to identify risk variants.  Mendelian type disease variants with high 
penetrance and early disease manifestation typically occur at low frequencies as they are negatively 
selected. In contrary, small effect SNPs but also SNPs with late age effects could bypass natural 
selection and thus drift to high frequencies.42   
With regard to this discussion new GWAS analysis strategies were developed. Gene-based association 
tests have been developed to detect genes of genome-wide significant rather than SNPs.49–51 There 
are different algorithms but they all are based on comparable concepts. The conventional threshold 
for genome wide significance is not used in these approaches. Each SNP passing statistical testing 
(e.g. linear or logistic regression) with p<0.05 is used in a gene-based analysis. In this analysis a gene 
will reach significance if the density of phenotype-associated SNPs in the gene and a defined flanking 
region is significantly higher than would be expected by chance. Multiple testing corrections can be 
applied to the resulting gene list based on the number of genes represented by the array. Using this 
approach, it is possible that a gene reaches genome-wide significance while all of the SNPs located in 




account whereas only genes with a non-random density of independent SNP signals reach 
significance.49–51 
 
1.6. Personalized medicine 
The concept of personalized medicine or stratified medicine aims to separate patients into groups in 
order to choose the optimal intervention, pharmaceutical therapy, follow up regime for the individual 
patient based on a predicted response or risk.  
Personalized medicine requires that the factors contributing to disease manifestation, progression 
and associated risk are known at least in part. Clinical observations as well as findings from basic 
research regarding pathomechanisms and the impact of individual genetic background shall be taken 
into account to develop a more and more individually tailored medicine.52,53 
 
1.6.1. Clinical scores for risk prediction in atrial fibrillation 
Bleeding and stroke are potential complications in AF patients but therapy has been significantly 
improved e.g. by the introduction of clinical prediction scores and subsequent individualized anti-
coagulation.54 Bleeding risk is calculated using HAS-BLED score based on occurrence of hypertension, 
abnormal renal/liver function, stroke, bleeding history or predisposition, labile INR, age (>65 years), 
drugs/alcohol concomitantly (1 point each).55 The risk for stroke or other thromboembolic events is 
calculated using CHADS-VASC or the more advanced CHA2DS2-VASc score (Congestive Heart failure, 
hypertension, Age ≥75 (doubled), Diabetes, Stroke (doubled), Vascular disease, Age 65–74, and 
female Sex).{Lip 2010 #355} Those scoring systems simplified the initial decision for individual anti-
coagulation in AF patients.56 
 
1.6.2. Clinical scores for prediction of atrial fibrillation progression and recurrence 
AF recurrence following therapeutic intervention is also very common.11,12,56 A clinical risk score that 
has been proposed to predict AF recurrence following catheter ablation is the APPLE score (one point 
for age >65 years, persistent AF, impaired eGFR (<60 ml/min/1.73 m(2)), LA diameter ≥43 mm, EF < 
50 %).57 
The risk for AF recurrence is significantly increased in progressed AF as characterized by AF type 




Currently, LVA can only be detected during catheter ablation, a procedure that understandably 
cannot be performed routinely for every patient or for monitoring of AF progression. Consequently, a 
clinical score was developed for prediction of LVA named DR-FLASH score (diabetes mellitus, renal 
dysfunction, persistent AF, LA diameter >45 mm, age >65 years, female sex, and hypertension).58 
 
1.6.3. New concepts in personalized medicine 
Next to clinical scoring systems the use of surrogate markers or biomarkers is used for individualized 
medicine with excellent performance for e.g.  myocardial infarction the earliest marker myoglobin is 
rapidly released from infarcted myocardium within two hours, followed by an increase in troponin T 
and muscle creatine kinase, which reach their peak values within 24-48 hours and return to baseline 
after 48 hours to 14days.59 High-sensitivity Troponin T, which currently is regarded the most specific 
marker in myocardial infarction59, is in combination with creatine kinase very suited to assess the 
infarct size with important implications for further treatment strategies.  With regard to AF there is 
currently no routine biomarker that can be used to asses or monitor AF progression stage although 
several biomarkers have been tested in this regard.60 Without a doubt, clinical scoring could be 
substantially improved by the additional measurement of suitable biomarkers.61,62 
Next to clinical scores and biomarkers genetic risk scores could be used to stratify individual 
treatment. The desired concept is, that a panel of risk variants is measured and a genomic risk score 
is calculated and taken into account for individual therapy plans.52,53 Indeed, this concept is still far 
from clinical implementation despite of ongoing research. This may be a consequence of the 
problems in GWAS analysis as discussed in section 1.4.2. The use of GWAS for gene-based association 
tests to identify AF associated genes followed by the subsequent identification of the most predictive 
genetic variants in these genes could represent a successful concept.  
 
1.7. Schematic overview on AF progression and associated open questions  
As discussed in chapter 1.2. – 1.4 AF progression is characterized by several well-characterized clinical 
parameters and the therapeutic success is directly associated with the progression 
stage.11,13,14,19,21,22,28  
The contribution of the individual genetic background to AF manifestation has been studied more 




individual genetic scoring systems could be implied in personalized medicine.52,53 Personalized 
medicine also focuses on the establishment of biomarkers (chapter 1.6.) as these might offer a cheap, 
minimal-invasive and quick option to monitor disease stage. It is very likely that a combination of 
genetic scoring, biomarker determination and clinical scoring will provide a future tool of 
individualized patient scoring and monitoring. 
The presented work summarizes projects focusing on the individual genetic background, biomarker 
levels and clinical scoring to contribute to the debate on open questions in the complex multifactorial 
interplay of atrial fibrillation progression (figure 1).  
 
 
Figure 1. Simplified schematic overview of the progression of atrial fibrillation, risk factors, 










AF is a multifactorial progressive disease influenced by demographic, anthropometric and lifestyle 
factors underpinned by genetic predisposition. Consequently, the manifestation, progression and 
post-therapeutically recurrence of AF are individually shaped and generalized recommendations or 
predictions are insufficient in the inhomogeneous AF patient cohort.  
 
Consequently, suitable filter criteria (AF progression phenotypes) were applied to identify more 
homogenous AF subpopulations. These AF subpopulations were examined and compared in order to 
characterize the genetic background, to identify pathomechanisms that underpin AF and to detect 
surrogate markers.  
 
Specific hypotheses addressed in manuscript 3.1.1 – 3.1.4. 
  
1. AF subpopulations characterized by specific progression phenotypes share a predisposing 
genetic background.  
 
2. Genetic variants identified in AF subpopulations can be used to identify genes and 
physiological pathways that are involved in AF progression and associated recurrence. 
 
Specific hypotheses addressed in manuscript 3.2.1. – 3.2.2. 
 
3. Mediators of atrial stress and remodeling associate with AF progression stage and represent 
potential biomarkers. 
 
4. Mediators of atrial stress and remodeling correlate with clinical risk scores that were 










3.1. New concepts on genetic background of atrial fibrillation progression 
The exploration of the genetic background predisposing for a specific phenotype derives at least two 
important information. First, genetic loci found in these association studies might harbor genes or 
other regulatory units that were not recognized in the context before and that may e.g. represent 
potential pharmacological targets.63,64 Second, the genetic variants may be useful for personalized 
medicine to calculate genetic risk scores. While the first approach has led to important discoveries 
e.g. the role of FTO in obesity63, the second approach has not yet found its way into clinical 
routine.65,66 Consequently, the basic concept needs to be reconsidered. Conventional GWAS analysis 
include the application of p-value cut-offs that need to be corrected for up to one million tests. 
Although this approach is very successful in reducing false positives it yields false negatives. As 
important information might be lost by this approach efforts were made to develop other algorithms 
and analyses. Gene-based association tests are an upcoming tool that has successfully been used to 
detect trait associated genes.49–51 The basic idea is that the function of pathomechanistically relevant 
proteins may be modulated by genetic variants which in turn can be detected in GWAS. A non-
random high number of phenotype-associated genetic variants in a genetic locus are then considered 
to be indicative for an association of a gene with the disease. 
The concept was for the first time successfully applied to characterize the genetic background of AF 














3.1.1. Genomic contributors to atrial electroanatomical remodeling and atrial fibrillation progression: 
Pathway enrichment analysis of GWAS data. (Publication 1) 
Husser D, Ueberham L, Dinov B, Kosiuk J, Kornej J, Hindricks G, Shoemaker MB, Roden DM, Bollmann 
A, Büttner P.  



























3.1.2. Genomic Contributors to Rhythm Outcome of Atrial Fibrillation Catheter Ablation - Pathway 
Enrichment Analysis of GWAS Data. (Publication 2)  
Husser D*, Büttner P*, Ueberham L, Dinov B, Sommer P, Arya A, Hindricks G, Bollmann A. 
PLoS One. 2016 Nov 21;11(11):e0167008. doi: 10.1371/journal.pone.0167008. eCollection 2016. 







































Gene-based association tests were made to identify candidate genes and pathways associated with 
AF progression and recurrence (Publication 3.1.1. and 3.1.2.). The identified candidate genes were 
further annotated to the KEGG pathways calcium signaling and ECM-receptor suggesting an 
interaction of these pathways with AF progression and/or recurrence. To facilitate the step from 
bioinformatical analysis to functional testing it was necessary to make a selection of promising target 
genes in these pathways.   
 
3.1.3. Identification of Central Regulators of Calcium Signaling and ECM-Receptor Interaction 
Genetically Associated With the Progression and Recurrence of Atrial Fibrillation. (Publication 3) 
Büttner P, Ueberham L, Shoemaker MB, Roden DM, Dinov B, Hindricks G, Bollmann A, Husser D. 


























Following hypothesis free gene-based association tests we also applied the approach to test 
proposed candidate association with AF progression. The tested genes were identified to associate 
with AF onset. Whether they also associate with AF progression and recurrence was not analyzed so 
far and was addressed in the next work.  
 
3.1.4. Association of atrial fibrillation susceptibility genes, atrial fibrillation phenotypes and response 
to catheter ablation: a gene-based analysis of GWAS data. (Publication 4) 
Husser D*, Büttner P*, Ueberham L, Dinov B, Sommer P, Arya A, Hindricks G, Bollmann A. 
J Transl Med. 2017 Apr 5;15(1):71. doi: 10.1186/s12967-017-1170-3. 
 

























Another hypothesis driven approach using gene-based association tests was applied to test potential 
PR-interval susceptibility genes for their association with PR interval prolongation in AF. As described 
in 1.3.4. PR interval prolongation is thought to associate with AF progression27 and outcome following 
cardioversion.28 A subgroup of AF patients included in the initial GWAS cohort (n=209) had ECG data 
accessible.  
 
3.1.5. PR Interval Associated Genes, Atrial Remodeling and Rhythm Outcome of Catheter Ablation of 
Atrial Fibrillation—A Gene-Based Analysis of GWAS Data. (Publication 5) 
Husser D*, Büttner P*, Stübner D, Ueberham L, Platonov PG, Dinov B, Arya A, Hindricks G, Bollmann 
A. 
Front Genet. 2017 Dec 19;8:224. doi: 10.3389/fgene.2017.00224. eCollection 2017.  
 
























Publications 3.1.1. – 3.1.5. focused on the genetic background of AF progression. Several genes were 
identified as promising candidates for further functional characterization. These genes are promising 
targets for the establishment of genetic risk variant panels to derive individual genetic risk scores in 
the context of personalized medicine. 
Next to genetic risk scores biomarkers are promising tools in individualized medicine (chapter 1.6.). 
Blood-derived analytes offer a cheap, minimal-invasive and quick option to monitor disease stage.  
 
3.2. New concepts on biomarkers of atrial fibrillation progression and recurrence 
Left atrial diameter increase and detection of LVA are clinical characteristics of AF progression and 
predict recurrence.11,13,14,19,21,23 Left atrial diameter can only be measured using echocardiography 
and LVA can only be detected using invasive technique. Especially LVA are therefore not applicable 
for individual monitoring, stratification or screening approaches. Therefore, representative 
biomarkers of atrial remodeling (characterized by increased LAD or LVA) are of interest.    
 
3.2.1. Role of NT-proANP and NT-proBNP in patients with atrial fibrillation: Association with atrial 
fibrillation progression phenotypes. (Publication 6)  
Büttner P, Schumacher K, Dinov B, Zeynalova S, Sommer P, Bollmann A, Husser D, Hindricks G, Kornej 
J. 


























As demonstrated in publication 3.2.1. biomarkers that associate with AF progression exist. It is 
questionable whether they are comparable with established clinical scoring systems or if they 
improve their prediction power. Different clinical scoring systems based on demographic parameters 
(e.g. age, gender), clinical measures (e.g. left ventricular ejection fraction or left atrial diameter) and 
established laboratory markers (e.g. estimated glomerular filtration rate) were developed to predict 
AF outcome or associated risk.57,58,67  
We tested potential biomarkers that we found to associate with AF progression for correlation with 
the APPLE score. The APPLE score was initially developed to predict recurrence of AF following 
catheter ablation strategies. As initially reported rhythm outcome is interrelated with AF progression 
stage. Therefore, we hypothesized that Biomarkers of AF progression could associate with risk scores 
for AF recurrence. 
 
3.2.2. Prediction of electro-anatomical substrate using APPLE score and biomarkers.  
(Publication 7)  
Kornej J*, Büttner P*, Sommer P, Dagres N, Dinov B, Schumacher K, Bollmann A, Hindricks G. 
Europace. 2018 Jun 8. doi: 10.1093/europace/euy120. [Epub ahead of print] 
 


























AF progression is a multifactorial process whereas not all factors have been identified and the 
proportion each factors is contributing is elusive. The analysis of genetic background of AF 
progression and recurrence and the identification of associated biomarkers was therefore 
substantially improved by the introduction of patient sub-classification according to clinically 
determined progression stages. This enabled comparisons inside the AF patient group with the 
advantage that AF patients share a comparable background of comorbidities (e.g. obesity and 
hypertension) and medication thus confounding factors were minimized.  
GWAS data of 660 AF patients was analyzed using an innovative gene-annotation approach. Genes 
assigned to calcium signaling and ECM-receptor interaction were identified to associate with AF 
progression phenotypes or the success of sinus rhythm restoration following catheter ablation. A 
further analysis was applied to identify the most promising genes from these pathways for further 
characterization in AF pathophysiology or as pharmacological target. Therefore protein-protein 
interaction networks were created and by applying bioinformatical analyses EGFR, PRKCA, RYR2 and 
FN1, LAMA1 were identified.  
Furthermore relevance of AF susceptibility genes in AF progression was analyzed on a genomic 
background. Gene-annotation analysis suggested a contribution of ZFHX3 to AF remodeling and 
recurrence and a contribution of ITGA9 and SOX5 to AF remodeling and PR interval prolongation. 
The analysis of potential biomarkers of AF progression identified NT-proANP to be specific for AF 
progression stage as defined by AF type and the detection of LVA. NT-proANP, as well as NT-proBNP 
and VCAM-1 also correlated with increasing APPLE score, a clinical score initially developed for 
prediction of AF recurrence. 
Summarizing, it seems very reasonable that a combination of genetic scoring, biomarker 
determination and clinical scoring will provide a future tool for individualized patient stratification 
and monitoring. The results presented within this manuscript contribute to this approach by 
providing candidate genes and potential biomarkers. The selected candidate genes should be used 
for hypothesis driven genotype-phenotype association studies as there is evidence for their 
involvement in AF progression pathophysiology.  NT-proANP should be analyzed on an individual 
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AF  atrial fibrillation 
ECG  electrocardiogram 
EGFR  epidermal growth factor receptor 
FN1  fibronectin 
GWAS  genome wide association study 
ITGA9  integrin subunit alpha 9 
LAD  left atrial diameter 
LAMA1 Laminin subunit alpha 1 
LD  linkage disequilibrium 
LVA  low voltage areas 
NT-proANP N-terminal proatrial natriuretic peptide 
PRKCA  protein kinase C alpha 
RYR  ryanodine receptor 
RYR2  ryanodine receptor 2 
SOX5  SRY-box 5 
SNP  single nucleotide polymorphism 
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